chose one of six imagined actions to perform, and the activity of as few as 50-75 units was sufficient to achieve 90% coding of action choice (Klaes et al., 2015) . Rutishauser et al. (2018) 's groundbreaking study raises the possibility that the aIPS region may be a critical node where multiple PPC computations based on decision-relevant evidence (here, mnemonic, but in other contexts possibly perceptual or numerical) lead to action choice-even though aIPS neurons may not partake in the coding of action execution itself. As PPC function emerges, in part, from complex across-region neural dynamics with different information exchanges at different temporal windows ( Figure 1F ), as well as through interactions with broader neural systems, future studies that leverage simultaneous recordings with high spatial and temporal resolution across different nodes of neural networks bode well for continued theory building and hypothesis testing. REFERENCES Aflalo, T., Kellis, S., Klaes, C., Lee, B., Shi, Y., Pejsa, K., Shanfield, K., Hayes-Jackson, S., Aisen, M., Heck, C., et al. (2015 Klaes, C., Kellis, S., Aflalo, T., Lee, B., Pejsa, K., Shanfield, K., Hayes-Jackson, S., Aisen, M., Heck, C., Liu, C., and Andersen, R.A. (2015) . In this issue of Neuron, Helfrich et al. (2017) demonstrate that phase-amplitude coupling (PAC) between slow oscillations and spindles is crucial for memory consolidation, and shifts in its phase relationship may explain age-related deficits in memory performance. These results also suggest a more general function of PAC in synaptic plasticity.
Hierarchical cross-frequency phaseamplitude coupling (PAC) of neuronal oscillations, in which the phase of slower oscillations modulates the amplitude of faster ones, has been proposed as a general mechanism supporting the encoding, storage, and retrieval of information (Fell and Axmacher, 2011) . During slow-wave sleep (SWS), the interplay between the neocortical slow oscillation (SO; <1 Hz), thalamo-cortical sleep spindles (12-15 Hz), and hippocampal ripple events (80-100 Hz in humans) is thought to mediate the dialog between neocortex and hippocampus that coordinates system consolidation of memories during sleep (Rasch and Born, 2013; Staresina et al., 2015) .
In this issue of Neuron, Helfrich et al. (2017) provide strong evidence that the precise phase at which spindles peak during the depolarizing ''up-state'' of the SO is crucial for successful memory consolidation. Helfrich et al. (2017) compared young and older human adults, who memorized word pairs and were retested after a night of sleep. During post-learning SWS, coupling of the SO phase to the amplitude of the waxing and waning spindle oscillation (i.e., SO-spindle PAC) was stronger in younger subjects, and the spindle maximum was precisely aligned to the maximum of the depolarizing SO up-state, whereas in older participants, spindles peaked prematurely during the SO down-to-up transition, even after accounting for confounding factors in sleep characteristics that differ between age groups ( Figure 1B) . Interestingly, the phase of SO-spindle PAC, rather than its strength, predicted memory retention both within and across age groups. Performance was highest when the spindle and SO peak were precisely aligned. Reduced alignment was correlated with lower gray matter volume (which is known to thin with age), particularly in the medial prefrontal cortex (mPFC), where SOs and SO-spindle PAC were generally highest. The findings corroborate SO-spindle PAC as a key mechanism for memory consolidation during sleep but also trigger a number of interesting questions.
Which mechanisms produce accurate SO-spindle PAC? The neuronal circuits underlying the generation and interaction of neocortical SOs and thalamo-cortical spindles during SWS are well described (Rasch and Born, 2013) . Briefly, the SO consists of alternating states of synchronized depolarization (up-state) and hyperpolarization (down-state) that propagate throughout the neocortex, also reaching the thalamus via cortico-thalamic projections. Thalamic rebound activation, following the SO down-state, triggers a waxing and waning pattern of rhythmic burst firing, i.e., the spindle that results from an interaction between reticular thalamic (RE) and thalamo-cortical (TC) cells and enters the neocortex as thalamo-cortical input. Importantly, cortico-thalamic feedback is not only initiating, but also constantly shaping the temporal evolution of spindles and is presumably also involved in their eventual termination. SO-spindle PAC is hence a feature of the underlying cortico-thalamo-cortical circuitry ( Figure 1A ). While cortico-thalamic feedback can be assumed to play a key role in mediating phase alignment of spindle amplitude maxima and SO peak depolarization in young participants, its precise mechanisms have yet to be revealed. Why does accurate SO-spindle PAC support memory consolidation? Importantly, both SOs and spindles propagate into the hippocampus, where SOs group spindles in their up-state and spindles in turn group ripple events in their troughs (Staresina et al., 2015) . Thereby, reactivation of freshly encoded memories during ripple events is tuned to periods of increased neocortical excitability, established by the co-occurrence of SO depolarization and strong Ca 2+ influx into the apical dendrites of neocortical neurons, elicited by the rhythmic spindle input (Seibt et al., 2017 ) ( Figure 1B ). This condition may be essential to open transient windows of synaptic plasticity during SWS, enabling effective transmission and storage of reactivated memory information within neocortical networks. Indeed, Ca 2+ imaging in mice revealed transient increases in pyramidal cell activity during SOs that were maximal when spindles nested in the SO up-state and coincided with perisomatic inhibition via parvalbumin-positive interneurons (Niethard et al., 2017) . Moreover, optogenetically induced thalamic spindles increased spindle-ripple coupling and enhanced consolidation of hippocampus-dependent context-fear conditioning memories yet only when spindle induction was aligned to the SO up-state (Latchoumane et al., 2017) . While the co-occurrence of SO depolarization and spindle input thus appears to be crucial for synaptic plasticity during SWS, direct experimental evidence for this mechanism in humans is still lacking. Why do spindles peak earlier with age? Helfrich et al. (2017) linked the PAC phase shift to a selective decrease of mPFC gray matter volume, thereby identifying a potential source at the network level. However, while decreased gray matter volume and synaptic connectivity might cause a desynchronization of frontal networks, it would not easily explain the clear phase advance of the spindle peak in the elderly. Spindles are initiated at the beginning of the down-to-up transition; thus, slope and duration of the SO up-state on the one hand and shape and duration of the spindle on the other potentially affect the alignment of their respective maxima. Helfrich et al. (2017) elegantly concluded, by normalization and statistical stratification, that increased SO duration (not differing between age groups), earlier spindle onset (also not differing), and reduced spindle duration (shorter in the elderly) per se cannot explain the phase shift in the elderly, suggesting that the spindle time course is altered. So, which part of the underlying cortico-thalamocortical feedback loop is responsible for the systematic phase advances of spindles? While the structural source may be located in the mPFC, the question remains whether it is desynchronized cortico-thalamic output to RE and TC cells that interferes with spindle generation in the thalamus or altered mPFC responsiveness to thalamo-cortical input that affects spindle expression in the neocortex.
Is PAC a general mechanism underlying synaptic plasticity and memory formation? PAC is principally observed in large-scale cortico-thalamo-cortical, cortico-cortical, and cortico-hippocampal networks. The most-studied example is theta-gamma PAC ( Figure 1C ), which is observed during wakefulness in hippocampus and neocortex during working memory, information encoding, and retrieval (Fell and Axmacher, 2011 ) and linked to thetaphase-dependent processes of synaptic potentiation and depotentiation (Huerta and Lisman, 1995) . However, thetagamma PAC is also observed during sleep, in particular during REM sleep, where it may be involved in memory reprocessing and consolidation (Tort et al., 2013) . We propose that PAC generally facilitates synaptic plasticity: potentiation occurs when synchronized synaptic input, reflected in the amplitude increase of faster oscillations, co-occurs with increased excitability of postsynaptic neurons, as reflected in the phase of slower oscillations ( Figure 1B) .
Can PAC be exploited as a mechanism to experimentally induce synaptic plasticity? Altogether, the research discussed here converges to the notion that PAC between specific frequency bands supports synaptic plasticity and memory formation. This, and the work by Helfrich et al. (2017) in older people in particular, suggests that this mechanism can be exploited to alleviate memory deficits related to normal aging or age-related diseases such as dementia. In fact, recent experiments in awake humans successfully established phase-dependent plasticity effects in the motor cortex using transcranial magnetic stimulation (TMS) phase-locked to the sensorimotor 10 Hz mu/alpha oscillation (Zrenner et al., 2017) . Whereas high-frequency bursts of TMS applied during the more excitable mu/alpha troughs caused a long-term potentiation (LTP)-like increase in motorcortical excitability, TMS during the less excitable peaks had no effect ( Figure 1D ). Phase-dependent neurostimulation, mimicking the principles of PAC, thus provides the possibility to investigate the proposed role of PAC for synaptic plasticity and may ultimately help to enhance memory function in the elderly, e.g., when mimicking spindle input into the cortex precisely phaselocked to the SO up-state.
